Implications for burn shock resuscitation of a new in vivo human vascular microdosing technique (microdialysis) for skin administration of noradrenaline Introduction
Skin is the largest organ in the body; it is well-vascularised, densely innervated, and closely integrated in the immune system. It is also one of the most dynamic organs as far as changes in blood flow are concerned, which may range from close to zero during maximum vasoconstriction (as in shock or cold stress) to about 60% of cardiac output (CO) in maximal heat stress or hyperaemia [1] . Skin at basal blood flow (roughly 5% of CO) has an increased lactate concentration and lactate:pyruvate ratio, indicating a partly non-oxidative metabolism; consequently it is a major source of lactate in states of hypoperfusion and reperfusion [2] .
In burn injuries it is accepted that the skin, and particularly the wound, is the "motor" of various inflammatory, metabolic, and circulatory changes [4, 5] .We showed in a previous study, in which we used microdialysis in both the injured and uninjured skin of burned patients, that there is local acidosis and a persistent lack of autoregulation of blood flow in the skin during fluid resuscitation. These changes were parallel to altered glucose homeostasis locally, possibly the result of cytopathic hypoxia [3, 6] .
Both under normal conditions and in the intensive care unit (ICU), the metabolic effects, and effects on skin blood flow, of commonly-used vasoactive drugs are still largely unknown; however, they may be assumed to affect blood flow and local tissue metabolism.
Noradrenaline is widely used, and several studies have indicated that it has direct effects on cell metabolism such as the inhibition of energy metabolism in human mononuclear cells [7] , depressed hepatocellular function, and induced production of superoxide radicals with impairment of mitochondrial respiration [8] .
The aim of this study was to develop a human "in vivo" skin model in healthy volunteers for investigations of metabolic effects of changes in blood flow (as shown by glucose, lactate, and pyruvate concentrations) induced by adrenergic vasoconstriction (noradrenaline given locally) followed by nitrous oxide (NO)-mediated dilatation by nitroglycerine. Both drugs were delivered locally into the skin through a microdialysis system; this was also used to assess the metabolic variables simultaneously. Changes in blood flow to the skin were measured in parallel by laser Doppler imaging, and urea [9] and ethanol clearance [10] by retromicrodialysis.
Our underlying hypotheses were that increasing vasoconstriction is accomplished by a skin infusion of therapeutic concentrations of noradrenaline through the microdialysis system. This leads to reduced skin blood flow and possibly signs of ischaemia, with simultaneous effects on metabolism. The vasoconstrictive effects on both flow and metabolism can be restored by NO-mediated vasodilatation if not preceded by a vascular autoregulatory escape induced by the ischaemia itself. Theoretically the established doses of noradrenaline that were suggested by previous investigators seemed high [11] , so a tenth of the dose was also studied. Importantly, and to validate the actual dose of the drug being delivered to the tissue, we also measured the amount of noradrenaline going from the tissue into the dialysate.
Subjects and methods

Microdialysis technique
The microdialysis system consisted of CMA/107 pumps and CMA/70 microdialysis catheters with a shaft 60 mm long and a membrane 10 mm long (CMA, Microdialysis AB, Stockholm, Sweden). The shaft of the probe had an outer diameter of 0.6 mm and a molecular cut-off of 20 kDa. The perfusion fluid (perfusate) used was sterile Ringer's solution in which 20 mmol/L and 5 mmol/L of urea and ethanol, respectively, were added by Apoteksbolaget AB (APL, Umeå, Sweden). Before each catheter was inserted, the skin was cleaned with chlorhexidine and alcohol (5 mg/ml, Fresenius Kabi, Uppsala, Sweden) and the skin anaesthetised with Xylocain® (10mg/ml, AstraZeneca) 0.2 ml given intradermally.
In 4 volunteers two probes were inserted about 3 cm apart in the ventral skin of the forearm, and in the other 5, three probes.
A venous cannula (Venflon™ Pro1.2 × 32 mm, Becton Dickinson AB, Helsingborg, Sweden) was used as an introducer, and was inserted intradermally. The probe was then inserted through the guide, after which the guide was withdrawn. Ultrasound measurements (Dermascan A, Sonotron AB, Sweden) confirmed that the depth of the probe was adequate, mean (SD) 0.78(0.23) mm. This is consistent with several other investigations [12] [13] [14] .
Subjects
Nine healthy, non-smoking volunteers, 6 men and 3 women, mean (SD) age of 28 (6) years, participated in the study after giving informed consent.
Exclusion criteria were: dermatological problems, allergies, cardiovascular disease, or taking prescribed drugs. Subjects were asked to refrain from drinking any substance containing caffeine during the study. All were acclimatised to 22-23° C for 30 minutes before the study started. The subjects remained sitting with the arms at the level of the heart throughout the experiments. The study design conformed to the declaration of Helsinki and was approved by the Regional Ethics Committee for Human Research at Linköping University, Linköping, Sweden (M08-05).
Study design
Phase A (0-90 minutes)
The microdialysis probes (n=23) were allowed to equilibrate for 90 minutes. Throughout the experiments the perfusion speed was set at 2 µl/minute and samples (dialysate) were collected into prelabelled capped collection vials at 10 minute intervals.
Phase B (0-60 minutes)
Sixteen probes (in 9 subjects) were perfused with noradrenaline in Ringer's solution 0.005 mg/ml. Urea and ethanol were added to 9 of the probes.
Seven probes (in 5 subjects) were perfused with noradrenaline in Ringer's solution 0.0005 mg/ml with urea and ethanol. All probes were perfused for 60 minutes.
Phase C (60-120 minutes)
A second equilibration period with perfusion fluid followed, but without the addition of vasoactive drugs (including urea and ethanol).
Phase D (120-180 minutes)
All probes were perfused with a perfusate containing nitroglycerine 0.5 mg/ml (AstraZeneca AB, Sweden).
Phase E (180-200 minutes)
A third equilibration period followed, with only perfusion fluid (including urea and ethanol).
Analysis of metabolites
The microdialysis samples were analysed with a CMA 600 Microdialysis analyser (CMA, Microdialysis Research AB, Stockholm, Sweden) using enzymatic reagents and colorimetric measurements of the samples [15] . Concentrations of glucose, lactate, and pyruvate were assayed enzymatically by glucose-, L-lactate-, and pyruvate-oxidase techniques, respectively. Urea concentrations were calculated from the rate of breakdown of nicotinamide adenine dinucleotide (NADH).
Laser Doppler perfusion imaging
A laser Doppler perfusion imaging technique (PIM 1.0, Lisca Development AB, Linköping, Sweden) was used to monitor blood flow in 8 probes (4 subjects) before the experiment (baseline), and at 5-minute intervals for a total of 300 minutes. To indicate "no perfusion", the biological zero signal from the laser Doppler was recorded at the end of the experiment by a temporary occlusion (2 minutes) of the arterial circulation to the limb by a blood pressure cuff.
The laser Doppler scanning system contained a low power He-Ne laser (1mW, 632 nm), in which the beam was moved by a step motor device, which provided the scanning procedure over the surface of the skin. Doppler shifts in the backscattered light were detected and processed to generate an output signal, which is linearly proportional to tissue perfusion 
Assay of noradrenaline
A high performance liquid chromatography system consisting of a P680 HPLC pump (Dionex), an automated sample injector ASI-100 (Dionex), an electrochemical detector DECADE (Antec Leydon) were used. The analytical column was an Aquasil C18 250 mm x 04/12/2012 9 4.6 mm, particle size 5 µm, with a preceding matched guard column Aquasil C18 10 mm x 4 mm x 5 µm, both from Keystone Scientific. The temperature of the column was set at 23˚C with an integrated oven from Dionex.
The mobile phase consisted of sodium 1-heptane-sulphonate 1 mmol, citric acid monohydrate 0.1 M, disodium-EDTA 0.05 mmol, and 5% acetonitrile (CAN); pH was adjusted to 2.7 with sodium hydroxide 1 M before the ACN was added. The flow rate was set at 1.0 ml/minute, the runtime was set at 15 minutes, and the detector at +750mV (nA range) against the silver/silver chloride reference electrode. The volume of injection was 10 µl for both standards and samples.
Chromatograms were measured using Chromeleon software from Dionex.
Quantitation was achieved by comparison of peak area generated from the standard curve.
Assay of ethanol concentration
The alcohol dehydrogenase method was used to measure the ethanol concentration, as it is optimised for minute samples and low concentrations of ethanol. The concentration of the reaction product NADH is proportional to the concentrations of ethanol in the calibrators and samples. Absorbance of NADH was measured at a wavelength of 334 nm in 96-hole microtitre plates in a spectophotometer (Thermo Multiscan® Spectrum), and a non-linear calibration curve was used to evaluate the data. The lowest concentrations detected as significantly different from the blanks in 20 µl samples was 0.025 mmol/L. Coefficients of variation within or between assays were 4.1% and 6.4%, respectively, in the measurement range of these samples.
Statistical analysis
Four probes were excluded from the analysis because they were damaged or because they did not reach a stable equilibrium at the end of Phase A. To reduce the anticipated inter-subject differences, all data were normalised by subtracting the mean of the measured values at 70-90 minutes, and data are therefore presented as absolute change over time. Data from 90 minutes -that is, the beginning of the perfusion with the noradrenaline up to 300 minutes -were used for statistical analysis. 162 measurement points for each variable (glucose, lactate, urea, and pyruvate) was used for analysis. All variables were analysed using 2-way repeated measures analysis of variance (ANOVA) to test for the effects of time (phases B and D) and dose of drug (phase B only). For pyruvate too many values were missing for us to gain meaningful statistics, so pyruvate was excluded from the final analysis.
Correlations of the mean time-response data were calculated using Pearson's correlation coefficient. Each variable was correlated with laser Doppler imaging values and urea measurements, respectively. Only the data points during the period when the drug was being given were used for the correlation analyses (phases B and D).
Data are presented as mean (SEM). Probabilities of less than 0.05 were accepted as significant. All statistical analyses were made with the aid of GraphPad Prism version 5.02
for Windows (GraphPad Software, San Diego California USA, www.graphpad.com).
Results
Noradrenaline infusion (phase B)
Perfusing the tissue with noradrenaline induced significant (p<0.0001) time-dependent changes in all variables analysed. There was an unacceptable variation in ethanol concentrations, which did not correlate with other changes and ethanol values were therefore excluded from further analysis.
Changes over time in urea, glucose, and lactate concentrations, and glucose:lactate ratio, are shown in Figure 2 , (noradrenaline 0.5 μg/ml) and, Figure 3 , (noradrenaline 5 μg/ml).
Blood flow
Laser Doppler showed a sudden drop with -0.11 (0.04) PU by 20 minutes. Perfusion decreased rapidly, followed by at a plateau at 60 minutes -0.11 (0.03) PU (Figure 1 ).
The urea concentration increased in a linear fashion, in parallel to, and independent of, the dose, with a maximum change at 60 minutes for both doses, 1,62 (0.36) mmol/L (noradrenaline 0.5 μg/ml) and 1.32 (0.41) (noradrenaline 5 μg/ml), respectively.
There were no differences in tissue perfusion (laser Doppler/urea) between the doses of noradrenaline given.
Metabolites
The glucose concentration decreased early and rapidly, and thereafter more gradually. The lowest recorded value was at 60 minutes at 0.58 (0.06) mmol/L, (noradrenaline 0.5 μg/ml; dose) and -0.52 (0.07) mmol/L (noradrenaline 5 μg/ml; dose), respectively. For those given the lower dose of noradrenaline (0.5 μg/ml) the concentration of urea in the dialysate decreased to 0.8 (0.7) mmol/L above baseline. For the group that were given the higher dose, it remained unchanged for 50 minutes, and declined only during the final 10 minutes of this period to 1.11 (1.34) mmol/L at 120 minutes.
During this phase glucose concentrations recovered slowly to -0.33 (0.13) mmol/L below baseline at 30 minutes in the group that had had the low dose of noradrenaline (0.5 μg/ml).
For the group given the higher dose, the concentration remained unchanged throughout this phase, and reached -0.45 (0.08 mmol/L) at 210 minutes.
The lactate concentration continued to increase, and plateaued after 30 minutes, whereas it declined during the final 10 minutes during this phase to 0.38 (0.14) mmol/L at 120 minutes in subjects given the lower dose. For the group given the higher dose the pattern was similar, albeit more pronounced, and it remained at 0.67 (0.16) mmol/L at 120 minutes.
The lactate:glucose ratio remained unchanged for the first 30 minutes at -1.59 (0.22), whereafter it recovered to -1.17 (0.25) at 120 minutes for those given the lower dose.
In the group given the higher dose the ratio continued to decrease until 110 minutes at -1.60 (0.25), improving only during the last 10 minutes to -1.42 (0.26) at the end of the equilibration period.
Nitroglycerine infusion (phase D)
Perfusing the tissue with nitroglycerine induced significant ((p<0.0001) time-dependent changes in all variables.
Blood flow
Nitroglycerine induced an increase in perfusion after about 15 minutes. The initial response 
Metabolites
The glucose concentration increased rapidly to a value above baseline at 10 minutes in subjects exposed for the low dose of noradrenaline at 0.52(0.11) mmol/L at 180 minutes. For those not given the higher dose, it did not reach above baseline until after 40 minutes of perfusion with nitroglycerine at 0.07 (0.11) mmol/L, peaking at the end of perfusion at 0.26
The lactate concentration decreased immediately in the subjects given the lower dose of noradrenaline, reaching baseline at the end of the perfusion period at 0.27 (0.09) mmol/L. In the group given the higher dose of noradrenaline, lactate remained essentially unchanged for 40 minutes, decreasing only during the last 20 minutes to 0.24 (0.08) mmol/L at 180 minutes; it did not therefore reach baseline during the period of perfusion of nitroglycerine.
The glucose:lactate ratio instantly reached nearly to the baseline value, and to the absolute baseline in 30 minutes, thereafter continuing to increase to 1.02 (0.46) mmol/L in those given the low dose of noradrenaline. For those given the higher dose, the ratio increased more slowly, reaching above baseline only at the end of perfusion with nitroglycerine, at 0.40 
Concentrations of noradrenaline in the dialysate
Correlations between changes in perfusion as assessed by laser Doppler and urea clearance and changes in tissue concentrations of metabolites (glucose and lactate)
There were significant correlations between all these variables during Phases B-D (Table 1) .
Discussion
Several of the findings of this study may have implications for the resuscitation of the critically ill burn patient. Firstly, microdosing of vasoactive drugs at a fixed rate and concentration through the microdialysis probe to the dermal layer in the skin of healthy volunteers induces reproducible physiological and metabolic time-dependent response patterns. Secondly, though previous studies of microdialysis have claimed the effect of physiological doses (5 μg/ml), the one-tenth dose of noradrenaline still induces appreciable vasoconstriction in the skin of healthy volunteers. Thirdly, normal skin exposed to the doses of noradrenaline used in this study seems to lack mechanisms to induce vasodilation by local intrinsic mediators resulting in sustained vasoconstriction with local ischaemia and serious metabolic disturbances. Fourthly, the data presented suggest that the present model may be used to assess local microvascular dose-response and effects of vasoactive substances in healthy volunteers and possibly also in patients, and may thereby aid the understanding of the effects both of the disease and the drugs given. As the tissue glucose concentrations during the later ischaemic period did not reach zero concentrations, the data suggest that during ischaemia that has been induced by a noradrenaline infusion, a defect in tissue cellular glucose uptake may be present. This is possibly the result of local depletion of energy, or insulin, or both. Fifthly, urea clearance by retrodialysis seems to be superior to the established methods such as laser Doppler and ethanol clearance in sensitivity and accuracy, and better reflects changes in skin blood flow in the low flow range as seen during vasoconstriction. The flow estimate provided by the urea technique pictures perfusion in the same catchment volume as the sampling for the metabolites. This simplifies the experimental design as it reduces the need to incorporate yet another technique to measure tissue blood flow. As anticipated, data obtained from ethanol clearance clearly indicated that this technique did not function at a perfusion rate of 2 µl/minute in skin.
Dose
There have been many experiments with microdialysis in skin using noradrenaline to study the effects on recovery of, for example, manipulations in blood flow [16] . The dose of noradrenaline that we chose is well established [16] [17] [18] and is thought to be in the physiological and therapeutic ranges. However, we found long-lasting effects, including ischaemia and reduced glucose uptake, which implies that the dose was too high and that giving the drug to tissue with reduced blood flow might create a deposition of noradrenaline in the tissue. This was why a dose of one tenth was used for comparison. However, this dose was found also to have significant tissue effects as well, which comprised ischemia and hypoperfusion, why also the effects of even lower doses should be examined. Similar pharmacodynamic effects based on blood flow were shown in another "in vivo" human skin model when the drug was given by iontophoresis. Quantification of local pharmacodynamic variables such as ED 50 and Hill slope for the effect of blood flow is feasible [19] . If this is possible for both the effects of blood flow and for metabolic measurements as shown in the present model, complementary experiments seem warranted in the future.
Auto regulatory escape -tissue protection
Given the short half-life of noradrenaline we expected a fast release of the vasoconstriction when we turned from noradrenaline to buffer solutions. The microcirculation in general is regulated by an intrinsic metabolic system that balances sympathetic tone to maintain oxygen tension above critical values [20] . These mechanisms protect other vascular beds such as skeletal muscle and intestine during high sympathetic tone, and during exposure to pharmacological vasoconstriction [20, 21] . Our results suggest that these protective systems at the doses used seem to be absent or dysfunctional; this was present with both doses, although less with the lower dose.
Glucose
Glucose concentrations in skin changed inversely to those of lactate during exposure to the drugThe parallel changes seen in glucose and lactate are consistent with previous investigations in non-insulin-dependent diabetic patients, which shows that cellular glucose uptake during acute ischaemia is initially dependent on the delivery of insulin and integrity of the insulin receptor, which is energy-dependent [22] .
As ischaemia leads to local depletion of energy and insulin, it mediates activation of other pathways of glucose turnover that are different from that induced by insulin [22] . Our finding is interesting, because the mechanism of stress-induced peripheral insulin resistance is not completely understood and the present model may be useful in future investigations.
During perfusion with nitroglycerine, changes in both laser Doppler and urea showed a pronounced hyperaemic response during which the interstitial skin glucose concentrations initially remained low, indicating a glucose uptake impairment possibly due to a sustained microcirculatory ischemia reperfusion disturbance The late interstitial glucose increase, well above baseline concentrations, present despite anticipated unchanged blood values, is consistent with the findings in burn patients [6] . This suggests delivery exceeding metabolic capacity as seen in e.-g. cytopathic hypoxia. Such signs of cellular metabolic effects have not been recorded in other models of ischaemia such as tourniquet or skin flap [23, 24] , which is why an association with noradrenaline seems plausible . Both noradrenaline [7, 8] and NO [25] have been associated with impaired mitochondrial function and altered energy metabolism.
Urea
Values for urea clearance showed considerable changes over time during the pharmacological interventions, and the close correlation with the alterations in the concentrations of metabolites, lactate, and lactate:glucose ratio, strongly supports the idea that urea adequately reflected the relative change in blood flow. This was further supported by the laser Doppler results. The continuing change in urea over time indicates that blood flow decreased further, even after laser Doppler technique had lost its sensitivity. This was further supported by the continuing change in concentrations of metabolic markers. Urea clearance, which also seemed to function at lower perfusion velocities (0.3 μl/minute) presented advantages over other techniques for measuring blood flow such as ethanol clearance, as low perfusion rates increase recovery and the accuracy of the results, and also permit sampling of substances with low interstitial concentrations such as cytokines [26, 27] . These features make the urea clearance technique potentially interesting for further clinical use.
Clinical values -tissue monitoring
Our findings of local tissue changes in glucose homeostasis, which are not reflected systemically during either ischaemia or reperfusion, also highlight the fact that tissue glucose concentrations may not be mirrored by systemic changes. This emphasises that the use of local glucose monitoring has to be interpreted with caution [28, 29] , which has also previously been stressed [3, 30] . The discrepancy between local tissue-specific and systemic glucose responses to ischaemia and reperfusion suggests not only a future value for tissue monitoring, but also a better understanding of local tissue glucose homeostasis, particularly as this may affect the debate about different regimens and outcomes using intensive insulin treatment [31, 32] .
From a critical care perspective this human in vivo skin model has the potential to be of use in the investigation of receptor sensitivity for vasoactive drugs during states of shock, not only burn injury induced but also such as during sepsis or trauma in humans [33] , and mechanisms of peripheral insulin resistance, which have previously been difficult to investigate. At this point it has to be emphasised that our results are from healthy subjects and the relevance for critical illness is still to be confirmed. lactate=black triangles; and glucose:lactate ratio=white boxes over time during perfusion with noradrenaline and nitroglycerine in subjects given noradrenaline 5μg/ml (13 probes in 9 subjects) (p<0.0001). probes in 4 subjects, respectively) (p<0.0001). Table 1 . Individual correlations between urea and metabolite data during pharmacological interventions phase B and D, respectively.
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